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Abstract
We examine the muonium (µ+e−)-antimuonium (µ−e+) system in the models which
accomodate the dilepton gauge bosons, and study their contributions to the ground state
hyperfine splitting in “muonium”. We also consider the exotic muon decay µ+ → e++νe+
νµ mediated by the dilepton gauge boson, and obtain a lower bound (MX±/g3l) > 550GeV
at 90% confidence level for the singly-charged dilepton mass using the unitarity relation
of the Kobayashi-Maskawa matrix for the 3-family case.
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There have been proposed up to now a variety of unified models which extend the
Standard Model of strong and electroweak interactions. Among them there is a class of
theories [1]–[6] in which there appear SU(2)L-doublet gauge bosons (X
∓, X∓∓) carrying
lepton number L = ±2. Hereafter, we refer these gauge bosons as dileptons. In these
models each family of leptons (l+, νl, l
−)L transforms as a triplet under the gauge group
SU(3) and the total lepton number defined as L = Le + Lµ + Lτ is conserved, while
the separate lepton number for each family is not. The gauge group SU(3) will be, for
example, a SU(3)l in the SU(15) grand unification theory (GUT) model [2] or a SU(3)L
in the SU(3)L × U(1)X model [5].
The dilepton masses are generated when the SU(3) gauge symmetry is spontaneously
broken at the scale which could be as low as 250-2000 GeV[2][5][7], and thus they may pos-
sibly be in the range accessible to the future accelerator experiments. The signatures for
the existence of dileptons have been studied for the future experiments concerning e+e−,
e−e− and e−p collisions [8][9][10]. Also, phenomenology on dileptons has been analyzed in
such processes as the low-energy weak neutral current experiments, Bhabha e+e− scatter-
ing, muon decays [8][11] , and the low energy muon-related processes [12]. Furthermore,
the dilepton contributions to so-called oblique corrections have been examined recently
[13][14]. The most stringent lower mass-bounds at present are (MX±±/g3l) > 340GeV
(95% C.L.) for the doubly-charged dileptons [8] and (MX±/g3l) > 640GeV (90% C.L.) for
the singly-charged ones [11], and here g3l is the gauge coupling of dileptons to leptons.
In Ref.[12], two of the present authors (H.F.and K.S) and Nakamura have analysed the
contributions of dileptons to the low energy muon-related processes such as the muonium-
antimuonium conversion, the second-order corrections to the muon anomalous magnetic
moment and the exotic muon decay µ+ → e+ + νe + νµ, and evaluated the lower bounds
on the dilepton mass. In this paper, we examine again the muonium-antimuonium system
in the models which accomodate the dilepton gauge bosons, and study the dilepton con-
tributions to the ground state hyperfine splitting in “muonium”. Also, we reconsider the
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exotic muon decay µ+ → e+ + νe + νµ mediated by the dilepton gauge boson. Using the
experimental values of the Kobayashi-Maskawa (KM) matrix and the unitarity relation
of the KM matrix for the 3-family case, we derive a lower bound on the singly-charged
dilepton mass which is numerically close to the presently most stringent one obtained in
Ref.[11].
The dilepton interaction with leptons is given by [8]
Lint = − g3l
2
√
2
X++µ l
TCγµγ5l − g3l
2
√
2
X−−µ lγ
µγ5Cl
T
+
g3l
2
√
2
X+µ l
TCγµ(1− γ5)νl + g3l
2
√
2
X−µ νlγ
µ(1− γ5)ClT ,
(1)
where l = e, µ, τ , and C is the charge-conjugation matrix. The gauge coupling constant
g3l is given approximately by g3l = 1.19e for the SU(15) GUT model [2] and by g3l = g2 =
2.07e for the SU(3)L × U(1)X model [5], where e and g2 are the electric charge and the
SU(2)L gauge coupling constant, respectively. It is noted that the vector currents which
couple to doubly-charged dileptons X±± vanish due to Fermi statistics.
(1) The 1S hyperfine splitting in the muonium-antimuonium system.
The hyperfine splitting between the spin-0 and spin-1 levels of the muonium ground
state has been measured to give a very precise result [15]
∆ν(exp) = 4463302.88(0.16) kHz (0.036ppm). (2)
On the other hand, the uncertainty in the theoretical prediction for the hyperfine splitting
of the muonium ground state ∆ν(th) is rather large. Using the most accurate value of α
available at present which was obtained from the theory and measurement of the electron
anomalous magnetic moment, Kinoshita gave [16]
∆ν(th : SM) = 4463303.41(0.66)(0.06)(0.17) kHz (3)
where the first and second errors reflect the uncertainties in the measurements of muon
mass and α. The last error in Eq.(3) is the theoretical uncertainty coming from radiative
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corrections and radiative-recoil corrections [16]. It is noted that the above ∆ν(th : SM) is
the Standard-Model prediction and includes also the weak interaction corrections.
When the doubly-charged dileptons exist, the mixing of muonium M(µ+e−) and an-
timuoniumM(µ−e+) arises through the diagram illustrated in fig. 1. The doubly-charged-
dilepton-exchange diagram is effectively described by the following Hamiltonian [12]
Heff = A[µγλ(1− γ5)e][µγλ(1 + γ5)e] +H.c. (4)
where A = −g23l/(8M2X±±) and MX±± is the doubly-charged dilepton mass. This form is
obtained from Eq.(1) and with help of the Fierz transformation. It should be noted that
the above effective Hamiltonian is in the (V − A)× (V + A) form, but not in the form of
(V −A)× (V −A) which was postulated in the work of Feinberg and Weinberg [17] , nor
(V +A)× (V +A) which arises in the models with doubly-charged Higgs bosons [18] . In
consequence, we obtain a different value for the transition amplitude < M |Heff |M >= δ/2
in the triplet 1S hyperfine state from the one in the singlet state. Specifically, we obtain
δ =
{−8A/pia3, for triplet state
24A/pia3, for singlet state,
(5)
where a is the Bohr radius of the muonium (mrα)
−1 with m−1r = m
−1
µ + m
−1
e , and mµ
and me are muon and electron masses, respectively.
Since there is a mixing between the muonium and antimuonium states, the 1S hyper-
fine states of the muonium (or antimuonium) themselves are not energy eigenstates any
more. The mass matrix for the triplet 1S state, for example, is written in the M −M
space as
Mt =
(
Et
δt
2
δt
2
Et
)
, (6)
where the subscript t indicates the triplet state and δt = −8A/pia3. The eigenvalues of
Mt and corresponding eigenstates are
Et± = Et ± δt
2
, (7)
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ψt± =
1√
2
(ψMt ± ψMt). (8)
Likewise, we obtain for the eigenvalues of the mass matrix for the singlet 1S state and
corresponding eigenstates,
Es± = Es ± δs
2
, (9)
ψs± =
1√
2
(ψMs ± ψMs) (10)
with δs = 24A/pia
3. Thus, we find that in the models which accomodate the dilepton
gauge bosons, the hyperfine splitting in the “muonium” ground state is predicted as
∆ν(th) = ∆ν(th : SM) +∆ν(DL), (11)
where ∆ν(th) = (Et± −Es±)/h and ∆ν(th : SM) = (Et−Es)/h, and ∆ν(DL) is given by
∆ν(DL) =
1
2h
(±δt ± δs). (12)
Using the results Eqs.(2), (3) and (11), we find that the difference between the theory
and measurement is
∆ν(th)−∆ν(exp) = 0.53 + ∆ν(DL)± 0.70 kHz, (13)
which implies that ∆ν(DL) is bounded as
−1.23 < ∆ν(DL) < 0.17 kHz. (14)
This gives the limit
(|δt|+ |δs|) = 32|A|
pia3
< 2h× 0.17 kHz, (15)
which is tranlated into the lower bound for the doubly-charged dilepton mass
MX±±
g3l
> 215GeV. (16)
When we use g3l = 1.19e for the SU(15) GUT model (g3l = 2.07e for the SU(3)L×U(1)X
model), we get MX±± > 77GeV(135GeV).
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Although our analysis could not give a better bound on the doubly-charged dilepton
mass than the one in Ref.[8], the study of dilepton contributions to the ground state
hyperfine splitting in the muonium-antimuonim system is very important at least in two
respects. Firstly, it should be noted that when the dileptons exist and there is a mixing
between the muonium and anti-muonium states, the 1S hyperfine states of the muonium
(or antimuonium) themselves are not energy eigenstates any more. Both the triplet and
singlet 1S states break up into further fine structures. Thus the ground states of the
muonium-antimuonim system are made up of four different energy eigenstates. What we
observe as a 1S hyperfine splitting in muonium is in fact the energy difference between
these energy eigenstates which are the mixture of the muonium and anti-muonium states.
Secondly, the muonium hyperfine structure will provide one of the most stringest tests of
quantum electrodynamics (or Standard Model) in the near future. The new experiment
being undertaken at Los Alamos National Laboratory is expected to improve the precision
of ∆ν(exp) by a factor between 5 and 10 [19] . This experiment and further improved
theoretical (QED) predictions may serve not only as the high precision test of QED but
also as a probe for new physics beyond the Standard Model.
(2) Exotic muon decay.
The standard model forbids the muon decay to the “wrong neutrino”,
µ+ → e+ + νe + νµ (17)
which violates the individual lepton number conservation law but satisfies a multiplicative
lepton number conservation law. The existence of dileptons and the interaction given in
Eq.(1) make the above exotic muon decay mode possible.
Sometime ago Marciano and Sirlin [20] used the unitarity relation of the KMmatrix for
the 3-family case and succeeded in providing the mass bounds for the additional neutral
gauge bosons. The same idea was applied by Herczeg [21] to provide a bound on the
mass and couplings of non-standard Higgs bosons which mediate the exotic muon decay
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µ+ → e+ + νe + νµ. We will follow the same prescription of Refs.[20][21], and obtain the
lower bound on the singly-charged dilepton mass.
The first-row elements of KM matrix, Vuj with j = d, s, b, have been well determined
experimentally by comparing hadronic β decays with muon decay rate. After the radiative
corrections are taken into account, they give [22]
|Vud|2 + |Vus|2 + |Vub|2 = 0.9991± 0.0016. (18)
In the presence of the interaction Eq.(1), the l. h. s. of the above relation is replaced with
∑
j=d,s,b |Vuj |2/(1 + ∆) where ∆ = (g3lMW /g2MX±)4. Thus we obtain
|Vud|2 + |Vus|2 + |Vub|2 = 0.9991± 0.0016 + ∆. (19)
The unitarity relation for the 3-family case then implies
∆ ≤ 0.0029 (90%C.L.), (20)
which is translated into
MX±
g3l
> 550GeV (90%C.L.). (21)
If we use g3l = 1.19e for the SU(15) GUT model (g3l = 2.07e for the SU(3)L × U(1)X
model), we obtain MX± > 200GeV(350GeV). This limit for the singly-charged dilepton
mass is numerically close to the presently most stringent one obtained in Ref.[11].
In conclusion, we have studied the doubly-charged dilepton gauge boson contributions
to the ground state hyperfine splitting in “muonium”. When the dileptons exist and there
is a mixing between the muonium and anti-muonium states, the 1S hyperfine states of
the muonium (or antimuonium) themselves are not energy eigenstates any more, and the
triplet and singlet 1S states break up into further fine structures. Next, we have obtained a
lower bound (MX±/g3l) > 550GeV for the mass of the singly-charged dilepton, considering
its contributions to the exotic muon decay µ+ → e+ + νe + νµ and using the unitarity
relation of the KM matrix for the 3-family case.
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Figure Captions
Fig. 1. The doubly-charged dilepton exchange diagram for muonium-antimuonium tran-
sition. The arrows show the flow of lepton number.
10
